We present a new method for measuring the CP phase α. It requires the measurement of the pure penguin decays B d (t)
There is a great deal of excitement these days regarding CP violation in the B system. The first measurements of the CP-violating phase β have been reported [1] and although the deviation from zero is not yet statistically significant, it is expected that, before long, we will have the first evidence for CP violation outside the kaon system.
The ultimate goal is to measure each of the interior angles of the unitarity triangle [2] , α, β and γ. In this way we will be able to test the standard model (SM) explanation of CP violation. β can be obtained by measuring the CP-violating rate asymmetry in the "gold-plated" decay mode B 0 d (t) → J/ψK S . And many methods have been proposed for measuring, or putting limits on, the CP phase γ [2] .
On the other hand, to date there are only two clean techniques for the extraction of α, and each has its particular difficulties. In the first method, one uses the CP asymmetry in B 0 d (t) → π + π − to obtain α. However, in order to remove the penguin "pollution," it is necessary to perform an isospin analysis of B → ππ decays [3] , which includes the measurement of B 0 d → π 0 π 0 . Since the branching ratio for this decay is expected to be quite small, it may be very difficult to obtain α in this way. Second, one can use a Dalitz-plot analysis of B 0 d (t) → ρπ → π + π − π 0 decays [4] . The problem here is that one must understand the continuum background to such decays with considerable accuracy, as well as the correct description of ρ → ππ decays, and again these may be difficult. Note also that both methods require the detection of π 0 's, which makes them a challenge for hadron colliders.
In this paper, we present a new method for measuring α based on the pure penguin decays B 0 d (t) → K ( * )K ( * ) and B 0 s → K ( * )K ( * ) decays. Although some theoretical input is necessary, the error is at most 1%, which makes the extraction of α extremely clean. Because the branching ratios for B 0 d (t) → K ( * )K ( * ) are rather small, and because B 0 s decays are involved, this method is probably most appropriate for hadron colliders, particularly since no π 0 detection is needed. Still, it is not out of the question that e + e − B-factories might be able to use this technique. One potential drawback of this method is the presence of multiple discrete ambiguities. However, by combining information from several final K ( * )K ( * ) states, it is possible to reduce the ambiguity in α to a fourfold one. And by imposing a further (reasonable) theoretical condition, one can obtain only a twofold ambiguity: {α, α + π}.
Consider the pure b → d penguin decay B 0 d → K 0 K 0 . At the quark level, the decay takes the formb →dss. The amplitude can be written
where P uc ≡ |(P u − P c )V * ub V ud |, P tc ≡ |(P t − P c )V * tb V td |, and we have explicitly written out the strong phases δ uc and δ tc , as well as the weak phases β and γ. (In passing from the first line to the second, we have used the unitarity of the Cabibbo-
The amplitudeĀ describing the conjugate decay B 0 d → K 0 K 0 can be obtained from the above by changing the signs of the weak phases.
By making time-dependent measurements of B 0 d (t) → K 0 K 0 , one can obtain the three observables
where ∆ ≡ δ uc − δ tc . It is useful to define a fourth observable:
= P 2 uc cos 2α + P 2 tc − 2P uc P tc cos ∆ cos α . The quantity Z R is not independent of the other three observables:
Thus, one can obtain Z R from measurements of X, Y and Z I , up to a sign ambiguity. Note that the three independent observables depend on four theoretical parameters (P uc , P tc , ∆, α), so that one cannot obtain CP phase information from these measurements. However, one can partially solve the equations to obtain
Now consider a second pure b → d penguin decay of the form B 0 d → K * K * . Here K * represents any excited neutral kaon, such as K * (892), K 1 (1270), etc. This second decay can be treated completely analogously to the first one above, with unprimed parameters and observables being replaced by primed ones. One can then combine measurements of the two decays to obtain
Now comes the main point. The ratio P 2 tc /P ′ tc 2 can be obtained by measuring B 0 s decays to the same final states K 0 K 0 and K * K * . Consider first the decay B 0 s → K 0 K 0 . This is described by a b → s penguin amplitude:
In writing the second line, we have again used the unitarity of the CKM matrix to
Thus, the measurement of the branching ratio for B 0
tc | from the branching ratio for B 0 s → K * K * . However, to a very good approximation,
(Note that the CKM matrix elements cancel in both ratios.) As we will argue below, the theoretical error in making this approximation is less than 1%. The measurements of the branching ratios for B 0 s → K 0 K 0 and B 0 s → K * K * will therefore allow one to obtain P 2 tc /P ′ tc 2 . Thus, by combining Eqs. (6) and (8), one can extract α very cleanly (up to discrete ambiguities, which will be discussed below).
A modification of this method can also be used when the final state is not selfconjugate. For example, consider the decay B 0 d → K 0 K * . As for the above processes, the amplitude can be written
[The hadronic parameters are written with tildes to distinguish them from their counterparts in Eq. (1)]. For this decay, the amplitudeĀ for B 0 d → K 0 K * is not simply related to that for B 0 d → K 0 K * since the hadronization is different: in the latter decay, the spectator quark is part of the K 0 , while in the former it is contained in the K * . We therefore write
By measuring B 0 d (t) → K 0 K * , one can obtain the observables X, Y , Z I , Z R defined previously. These now take the form
where∆ ≡δ uc −δ tc and∆ ′ ≡δ ′ uc −δ ′ tc . For the second process, it is natural to consider the conjugate final state K 0 K * . The amplitudes for B 0 d and B 0 d to decay to this state are
Measurements of B 0 d (t) → K 0 K * then yield
As before, we have six independent observables as a function of seven theoretical parameters, so we cannot obtain α. However, one can manipulate Eqs. (11) and (13) to obtain
where
As in Eq. (8) above, the ratioP tc /P ′ tc can be obtained from the ratio of branching ratios for B 0 s → K 0 K * and B 0 s → K 0 K * . Thus, Eq. (14) can be used to obtain α, again up to discrete ambiguities.
From the above analysis, we therefore see that the CP phase α can be cleanly extracted from measurements of the decays of B d and B s mesons to final states consisting of one neutral kaon (i.e. K 0 or any of its excited states) and one neutral anti-kaon (i.e. K 0 or any excited state). Of course, since they are pure b → d penguin decays, the branching ratios for B d (t) → K ( * )K ( * ) are expected to be quite small, of order 10 −6 . Even so, since hadron colliders produce an enormous number of B mesons, such decays should be measurable. Furthermore, in all cases, the kaon or anti-kaon can be detected using its decays to charged π's or K's only; this method does not require the detection of π 0 's. Therefore hadron colliders will be able to use this technique to measure α -all that is required is good π/K separation. And if π 0 's can be detected, this simply increases the detection efficiency for the various final states.
Note also that if one uses a final state consisting of two vector mesons, such as K * K * , it will be necessary to use an angular analysis to separate out the various helicity states. For this reason, it may be advantageous to choose final states containing at least one pseudoscalar. Now, the key ingredient in the above method is the use of B s decays to obtain information about the hadronic parameters of B d decays. In Eq. (8), we have assumed the equality of a double ratio of matrix elements:
What is the error in making this assumption? Consider first the ratio in the numerator, r t . In both the heavy quark limit m b → ∞ and the chiral symmetry limit, r t → 1. We can therefore express r t as
where M = (M Bs + M B d )/2, and we have kept only terms up to first order in symmetry breaking. (One can also arrive at this result using the framework of QCD factorization in Ref. [5] .) Furthermore we can write
where E = M/2 is the average energy and m is a generic mass term that is (at most) of order m K . In the heavy-quark limit, m/E → 0, we obtain a → a 0 . The analysis is similar for the ratio in the denominator, r * t , except that the mass m of Eq. (18) may now be of the order of m K * . We therefore find that the deviation of r t /r * t from unity is of second order in the heavy-quark expansion:
This result can be explicitly confirmed within factorization by calculating the B s → K and B d → K form factors while including the difference between M B d and M Bs . Note that the above analysis does not include annihilation contributions. This is because they are tiny for B d,s → K ( * )K ( * ) decays [5] , so that their effects are completely negligible in the ratios of matrix elements.
There is one other source of theoretical uncertainty: in Eq. (7), we have neglected the (P (s)
The justification is principally the size of the CKM matrix elements: we have |(V * ub V us )/(V * tb V ts )| ≃ |V us ||V ub /V cb | ≃ 0.02, where we have taken |V ub /V cb | = 0.09 [6] . However, there is also a suppression from the penguin matrix elements: for B d decays, |P u | and |P c | are expected to be at most 50% of |P t |, and are probably smaller. (For example, in Ref. [7] it is found that, for B 0 d → K * K * , 0.14 ≤ |P c − P u |/|P t − P u | ≤ .54.) As argued above, this will not change significantly for B s decays. We therefore conclude that the error made in neglecting the (P (s) u − P (s) c )V * ub V us term in Eq. (7) is also less than 1%.
Thus, the two sources of error are both less than 1%, so that we estimate the theoretical uncertainty in this method to be of the order of 1%.
We now turn to an examination of the discrete ambiguities inherent in this method. Consider the pair of decays B 0 d → K 0 K 0 and B 0 d → K * K * . Let us assume that the true values of the theoretical parameters are
Given these inputs, we can calculate the values of the experimental quantities in Eqs.
(3) and (4), as well as their primed counterparts. Then, assuming that P 2 tc /P ′ tc 2 has been obtained from the decays B 0 s → K 0 K 0 and B 0 s → K * K * as in Eq. (8), we can use Eq. (6) to obtain α.
The results are shown in Table 1 . There are a total of 16 solutions for α: in addition to the 8 solutions shown in the Table, solutions with α → α + π are also allowed if one simultaneously takes ∆ → ∆ + π and ∆ ′ → ∆ ′ + π as well. This large number of discretely ambiguous solutions for α is potentially a serious drawback of this method. However, there are two ways of reducing the discrete ambiguity. First, one can also consider a different pair of K ( * )K ( * ) final states. In this case one expects that the hadronic quantities will take very different values. Because of this, although one still expects a large number of possible solutions for α, these solutions will, in general, be different from those found in Table 1 .
This is indeed what happens. Consider now the pair of decays B 0 d → K 0 K * and B 0 d → K 0 K * , and assume that the hadronic input values arẽ
(Of course, α is assumed to take the same value as in Eq. (20), 110 • .) As before, we use these input quantities calculate the values of the observables, and we then solve Eq. (14) to obtain α.
The results are shown in Table 2 . As before, we show only 8 solutions for α; there are another 8 solutions with α → α + π. However, a comparison of Tables 1 and 2 reveals that only two of the eight solutions are common to both sets of processes: 110 • (the true solution) and 160 • . Thus, by applying the method to several sets of final states, one can reduce the ambiguity in α to a fourfold one.
The second way to reduce the discrete ambiguity is to use the fact that, as discussed above, we expect each of P uc /P tc , P ′ uc /P ′ tc ,P uc /P tc andP ′ uc /P ′ tc to be less than about 0.5 in the SM. This constraint eliminates most of the solutions in Tables  1 and 2 . In fact, by combining both methods, one can measure α with only a twofold ambiguity: {α, α + π}. Unless one has knowledge about the strong phases, this discrete ambiguity cannot be further reduced.
Finally, as we have argued above, this method for measuring α includes a theoretical uncertainty of about 1%. How does this error quantitatively affect the extraction of α? One can compute this by allowing P tc /P ′ tc andP tc /P ′ tc to vary by ±1% in Eqs. (6) and (14). For the particular cases considered above [Eqs. (20) and (21)], we find that the theoretical uncertainty leads to an error on α of ±2 • . However, for other choices of input parameters, the error can be considerably smaller. This occurs when the hadronic quantities describing the two final states are very different. Thus, the method is most accurate when two very dissimilar final K ( * )K ( * ) states are used.
To summarize, we have presented a new method for measuring α. It involves the measurements of B d and B s decays to K ( * )K ( * ) final states. The method is exceedingly clean: the theoretical uncertainty is at most 1%. Although there are multiple discrete ambiguities in the extraction of α, by applying the method to several different final states, it is possible to obtain α with a fourfold ambiguity. If an additional (justified) assumption is made, the ambiguity can be reduced to twofold: {α, α + π}. Since this method does not require π 0 detection, it is appropriate for use at hadron colliders.
